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Abstract The aim of this paper is to study the effects
of radiation absorption and chemical reaction on MHD
free convection heat transfer flow of a nanofluid bounded
by a semi-infinite flat plate in a rotating frame of ref-
erence. The plate is assumed to oscillate in time with
steady frequency so that the solutions of the boundary
layer are the similar oscillatory kind. The entire system
rotates about the axes normal to the plate. The dimen-
sionless governing differential equations for this inves-
tigation are solved analytically using perturbation
method. The effects of various important parameters
entering into the problem on velocity, temperature, skin
friction and Nusselt number within the boundary layer
are discussed for Cu–water-based nanofluid with the help
of graphs. The predicted consequences obviously point
out that the presence of nanoparticles in the base fluid
improves the heat transfer process significantly. The
results also show that the values of Nusselt number in
case of nanofluid are more pronounced than that of
micropolar fluid.
Keywords Nanofluid  Chemical reaction  Thermal
radiation  Rotating frame  Radiation absorption  MHD
Introduction
Nanofluid is a term initially used by Choi (1995) and refers
to a new class of heat transfer fluids with superior thermal
properties. It contains a base fluid and nanometer-sized
(between 1 and 100 nm in diameter) particles or fibers
suspended in ordinary fluid, called nanoparticles. The
suspended ultra-fine particles change transport properties
and heat transfer performance of the nanofluid. The study
of heat transfer in the presence of nanofluids is of great
practical importance to engineers and scientists because of
their universal occurrence in many branches of science and
engineering, viz. cooling applications of nanofluids, med-
ical applications (cancer therapy and safer surgery) and
other possible areas (electronic devices for use in military
systems, airplanes).
Theoretical and experimental investigations have been
conducted to measure the improvement in the thermal
conductivity of nanofluids [Bachok et al. (2010a); Khana-
fer et al. (2003) and Makinde and Aziz (2011)]. Experi-
mental studies in literature [Yu et al. (2008) and Kakac and
Pramuanjaroenkij (2009)] show that the typical thermal
conductivity enhancements are in the range 15–40 % over
the base fluid and heat transfer coefficient enhancements
have been found up to 40 %. Choi et al. (2001) observed
that the thermal conductivity increases up to two times
when small amount (less than 1 % by volume) of nano-
particles is added to the ordinary fluids. There is a vast
amount of literature on the flow of nanofluid model pro-
posed by Buongiorno (2006), but we are referring a few
recent studies [Rana and Bharava (2012); Alsaedi and
Hayat (2012) and Mastaneh and Asghar (2012)]. However,
we are following the nanofluid model proposed by Tiwari
and Das (2007), which is being used by many current
researchers Abu-Nada (2008); (Abu-Nada and Oztop
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2009); Muthtamilselvan et al. (2010) and Ahmad et al.
(2011) on different flow fields.
The study of heat transfer for an electrically con-
ducting fluid past a porous plate under the influence of a
magnetic field in a rotating frame of reference has
attracted the interest of many investigators in view of its
applications in many industrial (in the design of turbines
and turbo mechanics), astrophysical (dealing with the
sunspot development, the solar cycle and the structure of
rotating magnetic stars), geophysical (hydrologists to
study the migration of underground water, petroleum
engineers to observe the movement of oil and gas
through the reservoir), technological and engineering
applications (MHD generators, ion propulsion, MHD
pumps, etc.) and many other practical applications, that
is, in biomechanical problems (e.g., blood, flow in the
pulmonary alveolar sheet). The pioneering works of
Bachok et al. (2010b) and (2011) have laid the founda-
tion stone in this field. Also many authors have studied
the flow and heat transfer in rotating system with various
geometrical situations [Mazumder (1991) and Satya
Narayana et al. (2013c)]. Nield and Kuznetsov (2009)
presented an analytical study for natural convection past
a vertical plate in a porous medium saturated by a
nanofluid. Recently, Uddin and Harmand (2013) have
investigated the influence of natural convection heat
transfer effects of nanofluids along a vertical plate in
porous medium. Chamkha et al. (2011) have analyzed
the natural convection past a sphere embedded in a
porous medium saturated by a nanofluid.
Many processes in engineering areas occur at high
temperature and knowledge of radiation heat transfer
becomes vital for the design of the pertinent equipment
such as the sensible heat storage bed, the nuclear power
plants, the nuclear reactor cooling system, gas turbines and
the various propulsion devices, aircrafts, missiles, satellites
and space vehicles and underground nuclear waste dis-
posal, etc. Chamkha et al. (2012) studied the radiation
effects on mixed convection over wedge with a nanofluid.
They found that the effects of the radiation conduction
parameter and the surface temperature parameter are sig-
nificantly stronger on the local Nusselt number than that of
the local Sherwood number. Recently, Satya Narayana
et al. (2013b) have studied the influence of thermal radia-
tion and heat source on MHD nanofluid past a vertical plate
in a rotating system. More recently, Liancun Zheng et al.
(2013) studied the flow and radiation heat transfer of a
nanofluid over a stretching sheet with velocity slip in
porous medium. The effects of thermal radiation were also
investigated by many researchers Hady et al. (2012) and
Olanrewaju et al. (2012).
The study of heat transfer with chemical reaction
in the presence nanofluids is of immense realistic
significance to engineers and scientists, because of its
almost universal incidence in many branches of science
and engineering. This phenomenon plays an important
role in chemical industry, power and cooling industry for
drying, evaporation, energy transfer in a cooling tower
and the flow in a desert cooler, chemical vapor deposition
on surfaces, cooling of nuclear reactors and petroleum
industries and also there are many transport processes
that are governed by the joint action of the buoyancy
forces from both thermal and mass diffusion in the pre-
sence of chemical reaction effects. The effect of chemical
reaction with heat radiation in presence of nanofluid over
a porous vertical stretching surface is investigated by
Rosmila Abdul-Kahar et al. (2011). Kameswaran et al.
(2012) have analyzed the hydromagnetic nanofluid flow
due to a stretching or shrinking sheet with viscous dis-
sipation and chemical reaction effects. Recently, many
researchers (Ellahi 2013; Ellahi et al. 2013; Narahari
et al. 2013; Umavathi 2013) have studied the flow and
heat transfer characteristic of Newtonian/non-Newtonian
nanofluids over various geometries.
To the author’s knowledge, no studies have this far been
communicated with regard to study the flow and heat
transfer distinctiveness of a nanofluid past a vertical flat
plate with chemical reaction, radiation absorption and
thermal radiation in a rotating frame of reference. So the
main aim of this study is to extend the effort of reference
Satya Narayana et al. (2013b) in two directions: (1) to
consider radiation absorption (2) to consider the mass
transfer effects. Analytical closed form solutions are
obtained for the momentum and the energy equations using
the regular perturbation method. Graphs are used to illus-
trate the significance of key parameters on the nanofluid
velocity and temperature distributions.
Mathematical formulation of the problem
We consider an unsteady three-dimensional flow of an
electrically conducting incompressible nanofluid past a
semi-infinite vertical permeable plate with chemical
reaction and radiation absorption. A uniform external
magnetic field B0 is taken to be acting along the z axis. It
is assumed that there is no applied voltage which implies
the absence of an electric field. The flow is assumed to be
in the x-direction which is taken along the plate in the
upward direction and z axis is normal to the plate (see
Fig. 1). Also it is assumed the whole system is rotated
with a constant vector X about z-axis. The fluid is
assumed to be gray, absorbing emitting but not scattering
medium. The radiation heat flux in x-direction is consid-
ered negligible in comparison that in the z-direction. Due
to semi-infinite plate surface assumption the flow vari-
ables are functions of z and time t only.
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 KlðC  C1Þ ð5Þ
The boundary conditions for the problem are given
by
uðz;tÞ ¼ 0 vðz; tÞ ¼ 0 T ¼ T1
C ¼ C1 for t 0 and any z





Tð0; tÞ ¼ T1
uð1; tÞ ! 0 vð1;tÞ ! 0 Tð1;tÞ ! T1
Cð1; tÞ ! C1 for t 0 ð6Þ
The properties of nanofluids are given as follows
qnf ¼ ð1 /Þqf þ /qs ðqCpÞnf ¼ ð1 /ÞðqCpÞf
þ /ðqCpÞs ðqbÞnf ¼ ð1 /ÞðqbÞf þ /ðqbÞs
lnf ¼
lf
ð1 /Þ2:5 anf ¼
Knf
ðqCpÞnf
Knf ¼ Kf Ks þ 2Kf  2/ðKf  KsÞ
Ks þ 2Kf þ 2/ðKf  KsÞ
 
ð7Þ
We consider the solution of Eq. (1) as
w ¼ w0 ð8Þ
The radiative heat term (Brewster 1972) by using the





















































Pr ¼ vf ðqCpÞf
Kf





h ¼ T  T1
Tw  T1
w ¼ C  C1






Substituting Eq. (12) into Eqs. (2)–(5) yields the


















































The boundary condition (6) becomes
uðz; tÞ ¼ 0; vðz; tÞ ¼ 0; hðz; tÞ ¼ 0;
wðz; tÞ ¼ 0 for t 0 and any z
uð0; tÞ ¼ 1 þ e
2
eint þ eint 	; vð0; tÞ ¼ 0;
hð0; tÞ ¼ 1; wð0; tÞ ¼ 1
uð1; tÞ ! 0; vð1; tÞ ! 0; hð1; tÞ ! 0;
wð1; tÞ ! 0 for t 0
ð17Þ
Using Eq. (13) the velocity characteristic U0 is defined
as: U0 ¼ gbf ðTw  T1Þvf
 	1=3
We now simplify Eqs. (13)–(16) by putting the fluid
velocity in the complex form as
vðz; tÞ ¼ uðz; tÞ þ ivðz; tÞ ð18Þ
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The boundary conditions (17) become
vðz; tÞ ¼ 0; h ðz; tÞ ¼ 0; w ðz; tÞ ¼ 0
for t 0 and any z
v ð0; tÞ ¼ 1 þ e
2
eint þ eint 	; h ð0; tÞ ¼ 1;
wð0; tÞ ¼ 1
v ð1; tÞ ! 0; h ð1; tÞ ! 0; w ð1; tÞ ! 0
for t 0 ð20Þ
Analytical solutions
In order to solve the above system of partial differential
Eqs. (13)–(16) under the boundary conditions (17) in the
neighborhood of the plate, we assume that [see Ganapathy
(1994)]














Invoking the above Eqs. (21)–(23) into the Eqs. (13)–
(16) and equating the harmonic and non-harmonic terms
and neglecting the higher order terms of Oðe2Þ, we obtain
the following set of equations.
Zeroth order equations are




0 þ A5S Pr h00  QHh0 þ A5 Pr Ql w0 ¼ 0 ð25Þ
w000 þ S Sc w00  Kr Sc w0 ¼ 0 ð26Þ
First order equations are:




1 þ A5S Pr h01  inA5 PrþQHf gh1 þ A5 Pr Ql w1 ¼ 0
ð28Þ
w001 þ S Sc w01  Scðinþ KrÞw1 ¼ 0: ð29Þ
Second order equations are:




2 þ A5S Pr h02  inA5 PrQHf gh2 þ A5 Pr Ql w2 ¼ 0
ð31Þ
w002 þ S Scw02  Scðin KrÞw2 ¼ 0; ð32Þ
where primes denote differentiation with respect to z.
The corresponding boundary conditions can be written
as:
v0 ¼ 1; h0 ¼ 1; w0 ¼ 1 v1 ¼ 1; h1 ¼ 0; w1 ¼ 0;
v2 ¼ 1; h2 ¼ 0; w2 ¼ 0 at z ¼ 0
v0 ! 0; h0 ! 0; w0 ! 0; v1 ! 0; h1 ! 0;
w1 ! 0 v2 ! 0; h2 ! 0;w2 ! 0 at z ! 0 ð33Þ
Solving Eqs. (24)–(32) with the boundary conditions
(33), we obtain the expression for velocity, temperature
and concentration as:
vðz; tÞ ¼ B3em1z þ B4em2z þ B5em3z
þ e
2
em4zeint þ em5zeint 	 ð34Þ
hðz; tÞ ¼ B1em1z þ B2em2z ð35Þ
wðz; tÞ ¼ em1z ð36Þ
The physical quantities of engineering interest are skin-
friction coefficient, Nusselt number and Sherwood number.
The local skin-friction coefficient Cf is given by:
Cf ¼ swqf U20










The local Nusselt number Nu is given by
Nu ¼ x qw





m1B1 þ m2B2f g
ð38Þ
The local Sherwood number Shx is given by:
Shx ¼ x qm
DBðCw  C1Þ ) xw
0ð0Þ ¼ m1 ð39Þ
where s; qw and qm are the wall shear stress or skin
friction, the wall heat flux and the wall mass flux from the



















The formulation of the effect of chemical reaction and
radiation absorption on MHD free convection heat and
mass transfer flow of a nanofluid along a semi-infinite
vertical plate in the presence of heat generation and a
rotating frame of reference has been performed in the
354 Appl Nanosci (2015) 5:351–360
123
preceding sections. In order to get a physical insight into
the flow problem, analytic solutions are conducted for
various values of the parameters that describe the flow
characteristics and the results are illustrated graphically in
Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12. They explain the
fascinating features of important parameters on the nano-
fluid velocity, temperature, skin friction and Nusselt
number distributions in a rotating system. We consider
only copper (Cu) water nanofluid with water as the base
fluid. Table 1 shows the thermo-physical properties of
water and the elements Cu, TiO2 and Al2O3. In the present
study we have chosen n ¼ 10, nt ¼ p=2, Pr ¼ 6:2,
e ¼ 0:02, while Kr, F, R, M, S, QH, Ql, Pr and Sc are varied
over a range, which are listed in the figures legends. A
comparison of the present results of skin-friction coeffi-
cient and rate of heat transfer with those of Satya Narayana
et al. (2013b) and Hamad and Pop (2011) is provided in
Table 2 for different values of Prandtl number. This table
clearly displays that tremendous conformity exists between
the results. This constructive judgment leads to assurance
in the next section.
Figure 2 illustrates the effect of permeability parameter
K on the nanofluid velocity distribution. It is clear from the
figure that as K increases, the nanofluid velocity also
increases. Physically, this means that the porous medium
impact on the boundary layer growth is significant due to
the increase in the thickness of the thermal boundary layer.
It is expected that, an increase in the permeability of the
porous medium leads to the rise in the flow of fluid through
it. When the holes of the porous medium become large, the
resistance of the medium may be neglected. Further, we
observe that the base fluid (pure water) exhibits relatively
less velocity than that of the Cu–water nanofluid. It is
found that in both x- and y-directions, nanofluid has less
friction with plate as compare to the Newtonian (base)
fluid, due to viscosity effects.
Figure 3a, b, respectively, shows the effect of thermal
radiation parameter F on the nanofluid velocity and tem-
perature profiles. It is clear that, as the thermal radiation
parameter F increases, the nanofluid velocity and temper-
ature distributions across the boundary layer increases. The
increase in radiation parameter means the release of heat
energy from the flow region and so the fluid temperature











Fig. 1 Physical model and coordinate system of the problem









K=0.1, 0.2, 0.3, 0.4
ε=0.02, n=10.0, t=0.1, F=1.0, Kr=0.1, M=0.2






Fig. 2 Velocity for various values of K












F=0.2, 0.4, 0.6, 0.8
Cu-water
=0.02, n=10.0, t=0.1, F=1.0, K=0.5, Kr=0.5, M=1.0
Pr=6.72, QH=10.0, Ql=1.0, R=0.02, S=0.65,Sc=0.16













F=0.1, 0.2, 0.3, 0.4
χ
θ
 Velocity for various values of F   






Fig. 3 a Velocity for various values of F. b Temperature for various
values of F
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thinner. In view of this explanation the effect of radiation
becomes more significant as F ! 0 ðF 6¼ 0Þ and can be
neglected when F !1. These figures illustrate this
agreement with the physical behavior. These results are
related to those obtained by Satya Narayana et al. (2013a),
(b) and Hamad and Pop (2011).
The influence of the chemical reaction parameter Kr
on the nanofluid velocity and temperature profiles,
respectively, for the Cu nanofluid particles ð/ 6¼ 0Þ and
water as the base fluid ð/ ¼ 0Þ is illustrated in Fig. 4a, b. It
is observed that an increase in Kr contributes to the
decrease in the nanofluid velocity and temperature distri-
butions. The effect of chemical reaction on the nanofluid
velocity is less dominant in comparison to temperature
profiles. These results are similar as noted in Satya Nara-
yana et al. (2013a). Figure 5 presents typical profile for the
nanofluid velocity profiles for different values of magnetic
field parameter M. From the graph, it is obvious that the
nanofluid velocity of the fluid decelerates with increase in
the strength of magnetic field. The effects of a transverse
magnetic field on an electrically conducting fluid give rise
to a resistive-type force called the Lorentz force. This force
has the tendency to slow down the motion of the fluid in the
boundary layer. These results qualitatively agree with the
expectations, since magnetic field exerts retarding force on
the natural convection flow. In addition, it is seen that the
nanofluid velocity is lower than for the pure water fluid.
The effect of M on velocity profiles is reverse in case of
Satya Narayana et al. (2013a). This is due to dominate role
of nanofluid and radiation absorption.











n=10.0, t=0.1, =0.02, F=1.0, K=0.5, M=0.5, Pr=6.72
QH=10.0, Ql=5.0, R=0.02, S=0.65, Sc=2.0
Kr=0.2, 0.4 0.6, 0.8
 (a) Velocity for various values of Kr    








Kr=0.1, 0.2, 0.3, 0.4














Fig. 4 a Velocity for various values of Kr. b Temperature for various
values of Kr










M=0.2, 0.4, 0.6, 0.8
=0.0
=0.15Cu-Water
n=10.0, t=0.1, =0.02, F=1.0, K=0.5, Kr=0.5





Fig. 5 Velocity for various values of M











n=10.0, t=0.1, =0.02, F=1.0, K=0.5, Kr=0.5, M=0.5
Pr=6.72, Ql=5.0, R=0.02 S=0.65, Sc=0.16
Q
H
=1.0, 2.0, 3.0, 4.0
(a)  Velocity for various values of Q
H















QH=1.0, 2.0, 3.0, 4.0









Fig. 6 a Velocity for various values of QH. b Temperature for
various values of QH
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Figure 6a, b, respectively, shows the nanofluid velocity
and temperature profiles for different values of heat gen-
eration parameter QH. From the graphs, it is clear that there
is a decrease in the nanofluid velocity and temperature
profiles with an increasing in QH. This is due to the fact
that when heat is absorbed, the buoyancy forces decrease
which retard the flow rate and thereby give rise to a
decrease in the velocity and temperature profiles. For
various values of Ql, the nanofluid velocity and tempera-
ture profiles across the boundary layer are shown in
Fig. 7a, b. It is clear from the graphs that all the nanofluid
velocity and temperature profiles increases with increase of
Ql. This is due to the fact that when heat is absorbed, the
buoyancy forces accelerates the flow.
The influence of rotation parameter R on the nanofluid
velocity profiles for different values of Cu nanoparticles is
shown in Fig. 8. From the figure, we see that the nanofluid
velocity distribution across the boundary layer decreases
with an increase of R. Figure 9a, b illustrates the effect of the
suction parameter S on the velocity and temperature profiles,
respectively. It can be seen that the nanofluid velocity and
temperature profiles decrease with the increase of the suction
parameter. This indicates the usual fact that the suction sta-
bilizes the boundary growth. These consequences are obvi-
ously supported from the physical point of view.
Figure 10a, b respectively, shows the nanofluid velocity
and temperature profiles for different values of Schmidt
number Sc. It is noticed that the effect of increasing values of
Sc results in a decreasing the nanofluid velocity and










n=10.0, t=0.1, =0.02, F=1.0, K=0.5, Kr=0.5, M=1.0
Pr=6.72, Q
H
=10.0, R=0.02, S=0.65, Sc=0.16
Ql=0.5, 1.0, 1.5, 2.0
Cu-Water
(a)  Velocity for various values of Q
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Ql=0.5, 1.0, 1.5, 2.0














Fig. 7 a Velocity for various values of Ql. b Temperature for various
values of Ql










R=0.01, 0.02, 0.03, 0.04
=0.0
=0.15











Fig. 8 Velocity for various values of R


















S=0.5, 1.0, 1.5, 2.0
Cu-Water
(a) Velocity for various values of S 















S=0.1, 0.2, 0.3, 0.4








Fig. 9 a Velocity for various values of S. b Temperature for various
values of S
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temperature distributions. Furthermore, the results show that
the magnitude of Sc is less pronounced in case of nanofluids as
compared to the base fluid. Figure 11a, b, respectively,
illustrates the effect of the nanoparticle volume fraction / on
the velocity and temperature profiles. It is clear that as the
nanoparticle volume fraction increases, the nanofluid velocity
decreases and temperature distributions increases. This agrees
with the physical behavior that, when the volume fraction of
copper increases, the thermal conductivity increases, and then
the thermal boundary-layer thickness increases.
Figure 12 illustrates the variations of the skin-friction
coefficient with respect to the rotational parameter R. The
skin-friction coefficient increases monotonically with
increasing values of R. The effect of heat source on the rate
of heat transfer is discussed in Fig. 13. It is observed that
the rate of heat transfer of the fluid increases with the
increase of heat source parameter. Increasing heat source
has tendency to accelerate the thermal state of the fluid.
Here, we compared our results with those of Satya Nara-
yana et al. (2013a) for the micropolar fluid case. It is also
worth noting that the nanofluid heat transfer rate is higher
than that of the micropolar fluid. These results are clearly
supported from the physical point of view.

















Sc=0.1, 0.5, 0.10, 0.15  
(a) Velocity for various values of Sc     
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Fig. 10 a Velocity for various values of Sc. b Temperature for
various values of Sc









n=10.0, t=0.1, =0.02, F=1.0, K=0.5,  Kr=0.5, M=0.5
Pr=6.72, QH=10.0, Ql=5.0, R=0.02, S=1.5, Sc=0.16
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(a) Velocity for various values of 
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Fig. 11 a Velocity for various values of /. b Temperature for various
values of /












R=0.1, 0.2, 0.3, 0.4










Fig. 12 a Skin-friction coefficient for various values of R
Table 1 Thermo-physical properties of water and nanoparticles
[Oztop and Abu-Nada (2008)]
Physical properties Water Cu Al2O3 TiO2
Cp (J/kg K) 4179 385 765 686.2
q (kg/m3) 997.1 8,933 3,970 4,250
K (W/m K) 0.613 400 40 8.9538
b 105 (1/K) 21 1.67 0.85 0.9
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Conclusions
In this work, we have theoretically studied the effect of
chemical reaction and radiation absorption on unsteady
MHD free convection heat and mass transfer flow of an
incompressible, nanofluid along a semi-infinite vertical flat
plate in a rotating frame of reference. The governing
equations are solved analytically by using perturbation
technique. The effects of various parameters on velocity,
temperature, skin friction and rate of heat transfer profiles
are discussed through graphs and table. The following
conclusions cab be made from the present investigation.
1. Increase in magnetic field decreases the momentum
boundary layer for both base and nanofluid. It is observed
that the velocity of a nanofluid is reduced extremely as
compared to the base fluid. Magnetic parameter M acts as
a controlling parameter to control the flow fluid.
2. It is observed that the copper nanoparticles proved to
have the maximum cooling performance for this
porous vertical plate problem. This is due to the high
thermal conductivity of Cu. Thus, they can be used
effectively for controlling/simulating the heat transfer
rates.
3. The nanofluid motion and temperature profiles are
retarded due to chemical reaction. The consumption of
chemical species causes a fall in the concentration field
which in turn diminishes the buoyancy effects due to
concentration gradients. Hence the flow field is retarded.
4. The nanofluid velocity and temperature profiles
increase with an increasing values of Ql.
5. The skin-friction coefficient increases due to increase
in magnetic parameter (M) and rotation parameter
(R).
6. The analytical results obtained in this work are more
generalized form of Satya Narayana et al. (2013b) and
Hamad and Pop (2011) and can be taken as a limiting
case by taking K ! 0 Kr ! 0, F ! 0 and Ql ! 0.
7. It is worth noting that the values of rate of heat transfer
in case of nanofluid are more pronounced than that of a
micropolar fluid [Satya Narayana et al. (2013a)].
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
Appendix




A3 ¼ 1 /þ /ðqs=qf Þ
A4 ¼ 1 /þ /ðqbÞs=ðqbÞf




























ðA1A3SÞ2  4fiðR  nÞA1A3  ðM þ 1=KÞA1g
q
2
Table 2 Comparison of skin-friction and Nusselt number of the present case with those of Satya Narayana et al. (2013b) and Hamad and Pop
(2011) for F = 0.0, K=1, Kr = 0.0, Sc = 0.0, Ql = 0.0










0.5 2.320 2.319970 2.31699069 5.967 5.967359 5.05226133
1.0 2.258 2.257750 2.25755892 6.046 6.046127 6.04712801
1.5 2.196 2.196289 2.19720830 6.125 6.125876 6.12582032
2.0 2.134 2.134608 2.13460632 6.206 6.206602 6.20662363
















=1.0, 2.0, 3.0, 4.0 Micropolar fluid
Nano fluid
  Nusselt number for various values of HQ
Fig. 13 Nusselt number for various values of QH
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B1 ¼  Pr QlA5
m21A2  S Pr m1A5  QH
B2 ¼ 1  B1
B3 ¼ A1A4B1
m21  Sm1A1A3  fiRA1A3 þ ðM þ 1=KÞA1g
B4 ¼ A1A4B2
m22  Sm2A1A3  fiRA1A3 þ ðM þ 1=KÞA1g
B5 ¼ 1  B3  B4
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